Nitrogen nutrition in cyanobacteria is regulated by NtcA, a transcriptional activator that is subject to negative control by ammonium. Using Synechococcus sp. strain WH7803 as a model organism, we show that ntcA expression was induced when cells were exposed to nitrogen stress but not when they were subjected to phosphorus or iron deprivation. Transcript levels accumulated in cells grown on a variety of inorganic and organic nitrogen sources, with the sole exception of ammonium. ntcA transcription was induced when ammonium levels dropped below 1 M and reached maximal levels within 2 h. Furthermore, the addition of more than 1 M ammonium led to a rapid decline in ntcA mRNA. The negative effect of ammonium was prevented by the addition of Lmethionine-D,L-sulfoximine (MSX) and azaserine, inhibitors of ammonium assimilation. Thus, basal ntcA transcript levels are indicative of ammonium utilization. Conversely, the highest ntcA transcript levels were found in cells lacking a nitrogen source capable of supporting growth. Therefore, maximal ntcA expression would indicate nitrogen deprivation. This state of nitrogen deprivation was induced by a 1-h incubation with MSX. The rapid response of ntcA gene expression to the addition of ammonium and MSX was used to design a protocol for assessing relative ntcA transcript levels in field populations of cyanobacteria, from which their nitrogen status can be inferred. ntcA was basally expressed in Synechococcus at a nutrient-enriched site at the northern tip of the Gulf of Aqaba, Red Sea. Therefore, these cyanobacteria were not nitrogen stressed, and their nitrogen requirements were met by regenerated nitrogen in the form of ammonium.
Phytoplankton biomass is thought to be limited by nitrogen availability in many oligotrophic bodies of water (10, 54) . Yet the growth of all phytoplankton taxa in such waters is not necessarily rate limited. A significant proportion of phytoplankton biomass and production in oligotrophic seas is contributed by unicellular cyanobacteria of the genera Synechococcus and Prochlorococcus (3, 5, 43) . These picophytoplankton taxa grow rapidly despite low ambient nitrogen concentrations in oligotrophic waters (for a review, see reference 15). It has been hypothesized that they acquire the nitrogen they require for growth from nitrogen sources that are rapidly recycled in the photic layer (24, 45) . However, no unequivocal evidence for the exclusive utilization of regenerated nitrogen sources (e.g., NH 4 ϩ and organic N) by these picophytoplanktonic taxa exists (6, 9, 53) . Nor is it apparent whether the use of such nitrogen sources enables these taxa to avoid nitrogen stress. This is mainly because standard oceanographic methods are not conducive to assessing nitrogen deprivation of and nitrogen source utilization by (defined here collectively as the nitrogen status) a certain phytoplankton taxon among the myriad of organisms found in the sea. Therefore, it is necessary to develop techniques capable of assessing the nitrogen status of phytoplankton along taxonomic lines.
Ammonium is the preferred source of inorganic nitrogen in cyanobacteria (13, 18, 34, 35) . It may be obtained from the environment by either passive diffusion or active uptake and is assimilated into organic matter via the activities of glutamine synthetase (GS) and glutamate synthase (GOGAT) (13) . In the absence of sufficient ammonium, the cyanobacterial cell undergoes a series of adaptive processes in order to obtain the nitrogen required for growth and survival. The initial responses to ammonium deficiency include the induction of higher-affinity ammonium uptake systems and the synthesis of proteins required for the utilization of other nitrogenous compounds such as nitrate, nitrite, urea, and amino acids (13) . The utilization of alternative nitrogen sources is energetically more expensive than that of ammonium as, in most cases, it requires both active transport over the cell membrane and conversion to ammonium before assimilation into organic compounds (13, 23) . It should be noted that ammonium prevents the utilization of alternative nitrogen sources such as nitrate and nitrite by inhibiting their transport and repressing synthesis of the proteins required for their assimilation at the level of gene transcription (13, 23, 37, 52) . Once all external nitrogen sources suitable for growth have been exploited, the cell enters a stage of nitrogen deprivation. During the adaptation of the cell to nitrogen stress, growth may continue transiently as many physiological changes take place, including the specific degradation of phycobiliproteins, which results in chlorosis (22, 56) . This process would allow reuse of the nitrogen for the synthesis of proteins required for survival under conditions of nitrogen deprivation (21, 22) . Growth is halted once both external and internal nitrogen supplies have been exhausted.
Synthesis of the nitrogen regulatory protein, NtcA, is an essential step in cyanobacterial adaptation to conditions of ammonium depletion. ntcA mutants are incapable of growth on nitrate and nitrite (55; A. Moyal, D. Lindell, and A. F. Post, submitted for publication), and they do not degrade phycobiliproteins in a timely manner under conditions of nitrogen depletion (47; Moyal et al., submitted) . This transcriptional activator is subject to negative control by ammonium at the level of gene expression (34, 37) . ntcA expression is downregulated to basal levels in the presence of ammonium. In the absence of ammonium, NtcA enhances the expression of its own gene as well as of those required for the uptake and assimilation of nitrogen sources like nitrate and nitrite (37; Moyal et al., submitted). However, ntcA expression levels appear to be higher under conditions of nitrogen deprivation than in nitrate-grown cells (34) . NtcA may also be involved in the expression of genes required for urea utilization (7) . The mode of action of NtcA in the process of chlorosis under conditions of nitrogen depletion has yet to be elucidated.
The responsiveness of ntcA to nitrogen availability and the pivotal role it plays in the adaptation of cells to conditions of ammonium and nitrogen depletion suggests that basal and maximal ntcA expression may be useful indicators of ammonium sufficiency and nitrogen deprivation, respectively, in field populations of cyanobacteria. As pointed out by others (31, 41, 50) , before a gene or protein can be used in field studies, its pattern of expression must be rigorously studied in relation to appropriate environmental factors under controlled laboratory conditions. In this study we focus on the response of ntcA gene expression to ecologically relevant nitrogen conditions, and we develop a protocol for the investigation of the nitrogen status of cyanobacterial field populations using ntcA gene expression. Our model organism for this study is Synechococcus sp. strain WH7803, a strain type with representatives found in various seas including the Red Sea (4, 36, 44) .
MATERIALS AND METHODS
Culture conditions. Marine Synechococcus sp. strain WH7803 was grown in batch cultures on ASW (56), a defined artificial seawater medium buffered to pH 8, modified as previously described to remove inorganic nitrogen from the trace metal mix (34) . The medium was further modified by replacing Tris with HEPES. ASW NO 3 and ASW NH 4 contained 9 mM NO 3 Ϫ and 2 mM NH 4 ϩ as sole nitrogen sources, respectively, whereas ASW 0 was devoid of a combined nitrogen source. Organic N sources used in this study were filter sterilized before addition to ASW 0 medium. The compositions of organic nitrogen mixes were as follows: for purines, 100 M (each) adenine, xanthine, guanine, and hypoxanthine; for pyrimidines, 100 M (each) cytosine, thymine, and uracil; for amides, 100 M (each) formamide and acetamide; for basal medium Eagle (BME) amino acids, between 50 to 100 M L isomers of arginine, cysteine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, tyrosine, and valine with the addition of glutamine. The organic N sources used in this study were obtained from Sigma Chemicals except for the BME amino acid mix which was supplied by Biological Industries (Beit HaEmek, Israel) and were of tissue culture grade. NH 4 ϩ concentrations were determined during growth experiments on organic sources using a sodium sulfite-adjusted orthophthaldialdehyde method (29) to ensure that ammonium did not accumulate due to spontaneous release from the organic sources.
Cultures were grown at 25°C under continuous white light (provided by cool fluorescent lamps) at an intensity of 40 to 50 mol of photons ⅐ m Ϫ2 ⅐ s Ϫ1 with constant agitation on an orbital shaker at 125 rpm. Growth of cultures was monitored by optical density at 750 nm. Doubling times were in the range of 13 to 16 h. Cells were maintained for a minimum of 5 generations in exponential growth prior to experimentation.
For nitrogen source and nutrient deprivation experiments, cells were collected by centrifugation at 25°C for 10 min at 10,000 ϫ g, washed twice, and then resuspended in the new growth medium. Samples for RNA analysis were taken from cultures in early-to mid-log phase except during nutrient deprivation experiments. Each experiment was repeated independently at least twice.
RNA extraction and analyses from Synechococcus cultures. Cells were harvested by filtration onto 0.45-m-pore-size polycarbonate membrane filters (Poretics). RNA was extracted with the Ultraspec RNA reagent (Biotecx) or by using a hot phenol method (48) modified as set out by Lindell et al. (34) and followed by DNase treatment. Total RNA was quantified spectrophotometrically and from ethidium bromide-stained RNA run on nondenaturing agarose gels.
RNase protection assays (RPAs) were carried out on equal amounts of total RNA with a probe internal to the ntcA gene (designated the internal probe). In one experiment a probe that is partially upstream of the ntcA gene (referred to below as the upstream probe) was also used. RPA analysis with the internal probe produces a single protected fragment of 450 bp, whereas the upstream probe produces two protected fragments: a 400-and a 165-bp fragment corresponding to the constitutively expressed and ammonium-regulated ntcA transcripts, respectively (34) . Antisense biotinylated RNA probes were transcribed using the Ambion BrightStar BiotinScript kit as previously described (34) . The Ambion RPAII kit was used for RPAs as follows. After coprecipitation, the probe and RNA were hybridized for approximately 16 h at 43.5°C in 20 l of hybridization solution. The denatured RNA and probe were electrotransferred (NovaBlot; Pharmacia) for 30 min at 4 mA ⅐ cm Ϫ2 to a positively charged nylon membrane (BrightStar Plus membrane; Ambion). Nonisotopic detection was carried out using Ambion's BrightStar BiotinDetect kit followed by exposure on X-ray film. ntcA transcript levels were quantified using a model SL-TRFF scanning densitometer (Biomed Instruments Inc., Falkerton, Calif.).
It should be noted that the experiments presented in Fig. 1 , 2, and 6 were carried out using RNA extracted using the Biotecx reagent. RNA extracted in this way produced a low signal-to-noise ratio during the RPA procedure. Thus, banding in these three experiments appears somewhat fainter than in experiments in which the RNA was extracted with hot phenol.
NH 4 ؉ uptake assays in Synechococcus cultures. Cells were grown on ASW NH 4 , washed twice, and resuspended in filter-sterilized ASW 0 plus 6 M NH 4 Cl from which HEPES was omitted. The pH remained at 8 to 8.2 throughout the uptake experiments. The concentration of NH 4 ϩ remaining in the medium was determined with time using the Spectroquant kit for ammonium determination (Merck), which is based on the indophenol blue reaction. Absorbance was measured at 690 nm using a 5-cm cell. The limit of detection was 100 nM with a precision of Ϯ50 nM. ASW 0 medium for standard curves was prepared by adjusting the pH to 13 and bubbling with helium to remove traces of ammonium. This medium was then spiked with different ammonium concentrations and assayed.
Field sampling. Twelve liters of seawater was collected with Niskin bottles from a depth of 5 m at a nutrient-enriched site (the Ardag offshore floating commercial fish farm) at the northern tip of the Gulf of Aqaba (Red Sea) on 11 April 2000 at 8:45 am and again at 9:15 am and transported to the laboratory. This site has nutrient concentrations higher than those in the surrounding oligotrophic waters, but they are similar to those found in many coastal regions (see Results). Subsamples were taken for the determination of Synechococcus cell abundance enumerated by epifluorescence microscopy as outlined by Lindell and Post (33) , nitrate and nitrite concentrations were determined according to the work of Parsons et al. (42) with a Quick Chem 8000 autosampler (LACHAT Instruments), and the ammonium concentration was estimated using the orthophthaldialdehyde method (29) . The remaining water was split into 3 equal volumes of 3.4 liters and kept at 25°C for 60 min, illuminated with 200 mol of photons ⅐ m Ϫ2 ⅐ s Ϫ1 with the following additions: 100 M NH 4 Cl was added to one aliquot, 100 M L-methionine-D,L-sulfoximine (MSX) was added to a second aliquot, and the third aliquot remained untreated. Each subsample was then filtered onto a 47-mm-diameter, 0.45-m-pore-size Supor-450 filter (Gelman Sciences) under a vacuum of 25 in of Hg while illuminated. The filter was immersed in storage buffer (20 mM EDTA, 400 mM NaCl, 0.75 M sucrose, 50 mM Tris [pH 9]) according to the method of Gordon and Giovannoni (20) , frozen immediately in liquid nitrogen, and stored at Ϫ70°C until nucleic acid extraction.
RNA extraction from field samples. Samples were thawed on ice and incubated with lysozyme (1 mg ⅐ ml
Ϫ1
) at 37°C for 15 min. The pH of the sample was brought down to 7.5 with HCl. Sodium dodecyl sulfate (SDS) was added to a final concentration of 1%, and the sample was heated in a microwave to near-boiling. An equal volume of phenol (pH 7.8) preheated to 65°C was added, and the sample was mixed vigorously and incubated at 65°C for 5 min. An equal volume of chloroform-isoamyl alcohol (24:1) was added and mixed vigorously before centrifugation at 1,700 ϫ g for 5 min. The sample was extracted again with an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1), followed by extraction with an equal volume of chloroform-isoamyl alcohol (24: 
. PCR2 mixtures were 20 l in volume and contained 10 mM Tris-HCl (pH 9), 50 mM KCl, 0.1% Triton X-100, 1.5 mM MgCl 2 , 200 M dNTPs, 0.8 M G15-16F, 0.8 M S50R, and 1 U of Taq polymerase (Promega). PCR2 cycling conditions were identical to those for PCR1 except that reaction tubes were removed manually at 2-cycle intervals between 11 and 25 cycles. G15-16F and S50R are located, respectively, at bp positions 178 to 200 and 521 to 500 relative to the first nucleotide of the ntcA initiation codon and produce a fragment of 344 bp. While primer set G15-16F anneals to the ntcA gene from all marine Synechococcus and Prochlorococcus strains tested, primer S50R anneals specifically to Synechococcus strains (data not shown) such that amplification with this primer pair yields an ntcA fragment specifically from marine Synechococcus. Reaction mixtures were overlaid with 2 drops of mineral oil (Sigma). PCR products were quantified densitometrically using one-dimensional (1D) image analysis software (Kodak Digital Science).
RESULTS
Response of ntcA to ecologically relevant ammonium concentrations. Ammonium concentrations found in the marine environment are generally below 0.5 M in open ocean environments (39, 51) but can reach Ͼ5 M in particle-associated microhabitats and in coastal waters (17, 32, 51) . In order to determine whether ntcA expression is modulated within this range of ammonium concentrations, we monitored ntcA transcript levels as NH 4 ϩ was exhausted from the growth medium (Fig. 1) . Cells grown on ASW NH 4 and transferred to ASW 0 plus 6 M NH 4 ϩ took up ammonium at a rate of 0.41 Ϯ 0.04 fmol ⅐ cell Ϫ1 ⅐ h Ϫ1 (n ϭ 3) in a linear fashion down to our detection limit of 100 nM NH 4 ϩ (Fig. 1A) . Enhanced ntcA expression was first apparent when the ammonium concentration dropped below 1 M (Fig. 1A and B) . Transcript levels increased from that point on at a constant rate of approximately 45% per h (Fig. 1C) and reached a maximum within 2 h of induction. ntcA transcript levels remained high for at least 20 h. Figure 2 shows the response of ntcA-expressing cells to the addition of a range of ammonium concentrations. Cultures were grown on ASW NO 3 at low densities (typically 8.5 ϫ 10 6 cells ⅐ ml Ϫ1 ) so that in treatments with low ammonium concentrations, no more than 0.3 M ammonium would be utilized during the 5-min incubations prior to harvesting of the cells (assuming an uptake rate of 0.41 fmol ⅐ cell Ϫ1 ⅐ h Ϫ1 ; see above). Rapid filtration ensured that cells were harvested and transferred to lysis buffer at Ϫ70°C within 3 min. The addition of ammonium concentrations greater than 1 M led to a significant reduction in ntcA transcript levels, whereas no decline in ntcA mRNA was apparent when concentrations below 1 M were added.
Nature of ammonium inhibition. To determine whether the negative effect of ammonium on ntcA expression is direct or requires its incorporation into the cell, we made use of MSX and azaserine, inhibitors of GS and GOGAT, respectively. The addition of 100 M NH 4 ϩ to ASW NO 3 -grown cells led to a drastic decline in ntcA transcript levels after 5 min, as expected (Fig. 3A) . However, incubation of cells for 1 h with 100 M MSX prevented the ammonium-mediated decline in ntcA mRNA. The same results were obtained when the cells were incubated with azaserine (data not shown). These data indicate that ammonium must be incorporated into cell material via the activities of GS and GOGAT for its negative effect on ntcA transcription to occur.
The addition of MSX to both ammonium-and nitrate-grown cells led to enhanced ntcA expression within 60 min (Fig. 3B) . This suggests that the prevention of ammonium assimilation via GS served to induce a nitrogen starvation response in Synechococcus sp. strain WH7803. Furthermore, it confirms that ntcA expression in nitrate-grown cells is less than maximal (see also Fig. 5C ).
An important aspect of the applicability of a molecular probe is the capability to monitor processes as they occur. Figure 4 shows the time course response of ntcA transcription to NH 4 ϩ addition. The addition of 100 M NH 4 ϩ to ASW NO 3 -grown cells led to an immediate decline in ntcA transcript levels (Fig. 4A) . Cells that had been starved of a nitrogen source for 20 h responded to NH 4 ϩ addition. However, in contrast to ASW NO 3 -grown cells, there was a 15-min delay in response ( Fig. 4B and C) . After this short lag period, ntcA mRNA dropped rapidly to basal levels at a similar rate to ASW NO 3 -grown cells, with a half-life of approximately 6 min under the growth conditions used here (Fig. 4C) .
Response of ntcA to nitrogen sources. Studies so far have tested the expression of ntcA in the presence of ammonium, in the presence of nitrate, and in the absence of a combined nitrogen source. In order to determine the response of ntcA to   FIG. 2 . Effect of the addition of a range of NH 4 ϩ concentrations on ntcA expression. Cells were grown on ASW NO 3 and exposed for 5 min to the micromolar concentrations of ammonium indicated above the lanes. ntcA transcript levels were determined by RPA analysis of 13 g of total cellular RNA. The sizes of single-stranded RNA standards are indicated (in bases).
FIG. 3. (A) Effect of MSX on NH 4
ϩ -promoted decline in ntcA expression. ntcA transcript levels were determined by RPA analysis of 7 g of total RNA extracted from cells grown on ASW NO 5A ). RPA analysis showed that the transfer of cells for 4 h to all nitrogen sources tested, other than ammonium, led to enhanced ntcA transcript levels irrespective of whether they supported growth or not (Fig. 5B) . Use of the upstream ntcA probe in RPA analysis showed that the ammonium-regulated transcript (denoted by the 165-bp protected fragment), while absent from ammonium-grown cells, was most greatly enhanced in cells deprived of a nitrogen source (Fig. 5C ). Interestingly, expression of this transcript was considerably lower in cells transferred to nitrite than in cells transferred to nitrate. Note that the expression of the constitutively expressed transcript (denoted by the 400-bp protected fragment) remained at the same low level under all nitrogen conditions. Response of ntcA to other nutrients. Phytoplankton may be subject to nitrogen, phosphorus, or iron stress in different regions of the world's oceans (see reference 50 and references therein). To test whether enhanced ntcA expression is a general nutrient stress response, we transferred ASW NH 4 -grown cells to a medium lacking either nitrogen (N), phosphorus (P), or iron (Fe), or back to the nonlimiting medium. Synechococcus sp. strain WH7803 responded rapidly to N deprivation, showing reduced pigmentation (Fig. 6A) followed by a cessation of growth within 12 h after transfer. Fe-deprived cells also responded by a reduction in cellular pigmentation prior to an arrest in growth, but this took longer to occur than in Ndeprived cultures. Cells deprived of P grew longest prior to chlorosis. In contrast to the response of N-and Fe-deprived cells, the growth rate declined to about half of nonlimited growth following chlorosis, but did not cease, prior to phosphorus readdition. Growth recommenced after the addition of the missing nutrient (data not shown), verifying that indeed the limitation observed was due to deprivation of the nutrient in question. Figure 6B shows ntcA transcript levels of cells deprived of the different nutrients at time intervals chosen to correspond to chlorosis and the end of nonlimited growth (the first sample in the pair for each nutrient) and to 12 to 24 h after growth had become limited (the second sample in each pair). Elevated ntcA transcript levels were detected at both time points, but only in cells deprived of nitrogen. Enhanced ntcA expression was also not evident in cells deprived of P or Fe prior to chlorosis and growth limitation (data not shown). Thus, enhanced ntcA expression is a specific nitrogen stress response.
Determining the nitrogen status of field populations. We have used the findings presented above to design a sampling protocol capable of gauging ntcA transcript levels in field populations of cyanobacteria relative to basal and maximal ntcA expression. While basal expression is indicative of ammonium sufficiency, maximal expression suggests nitrogen deprivation, and intermediate levels of ntcA expression suggest that an alternative nitrogen source, like nitrate or nitrite, is being utilized. The protocol involves comparing ntcA transcript levels in an untreated subsample to those in subsamples incubated with either 100 M NH 4 ϩ Cl or 100 M MSX for 60 min in the light at 25°C. The ammonium addition serves to reduce ntcA expression down to basal levels even in cells deprived of a nitrogen source for 20 h (Fig. 4) , whereas the MSX addition serves to enhance ntcA expression to maximal levels even in the presence of sufficient ammonium (Fig. 3C ).
This protocol was tested under controlled laboratory conditions on Synechococcus sp. strain WH7803 grown either on ammonium or nitrate or deprived of a nitrogen source for 20 h (Fig. 7) . ntcA expression was assayed by RPA analysis using the internal probe, and representative experiments are shown in the left panels. Results from three independent experiments were quantified by densitometry and are presented graphically in the right panels. Transcript levels from the "ϩNH 4 ϩ " and the "ϩMSX" treatments are presented relative to the "no add" treatment, which was normalized to the value of 1 in all experiments regardless of growth conditions. ntcA transcript levels in ammonium-grown cells were significantly enhanced (five to sevenfold) by the addition of MSX (Fig. 7A) , whereas they remained low upon further addition of ammonium. In contrast, ntcA expression declined fivefold upon addition of ammonium to nitrogen-deprived cells but did not change upon addition of MSX (Fig. 7B) . However, ntcA expression levels in nitrategrown cells (Fig. 7C) were both enhanced by the addition of MSX (two to fourfold) and reduced upon ammonium addition (declined approximately fivefold). These results conformed with those expected and suggested that the nitrogen status of field populations of marine Synechococcus can be determined using this protocol. The ntcA expression method was then used to determine the nitrogen status of field populations of Synechococcus (54,000 cells ⅐ ml Ϫ ) found at the nutrient-enriched site in the Gulf of Aqaba during the spring bloom of the year 2000. Nitrogen concentrations in these waters were 0.22 M nitrite, 0.63 M nitrate, and approximately 0.6 M ammonium. A maximal error of Ϯ0.2 M ammonium resulted from an unexpected matrix effect probably caused by residual fish feed. Relative ntcA transcript levels for the three subsamples (untreated, ammonium addition, and MSX addition) were determined using reverse transcription followed by nested PCR (nested RT-PCR). Figure 8A shows the amounts of amplified Synechococ- , or grown on ASW NO 3 (C) were subjected to the protocol described in the text. One-third of each culture was incubated for 90 min either untreated (no add), with 100 M NH 4 Cl (ϩNH 4 ϩ ), or with 100 M MSX (ϩMSX). ntcA transcript levels were analyzed using RPAs with the internal ntcA probe on 7 g of total RNA. The left panels show the autoradiograms of representative experiments. ntcA transcript levels were determined densitometrically from three independent experiments under each growth condition and are shown graphically in the right panels. Transcript levels from the "ϩNH 4 ϩ " and the "ϩMSX" treatments are presented relative to the "no add" treatment, which was normalized to the value of 1 in all experiments (and thus has no error bars) regardless of growth conditions. Error bars, standard errors. The sizes of single-stranded-RNA standards are indicated (in bases).
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on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ cus-specific ntcA DNA in the different treatments after increasing numbers of cycles of PCR2. The amounts of ntcA DNA were determined densitometrically and used to plot a graph of ntcA DNA as a function of the number of PCR2 cycles (Fig. 8B) . These data were then used to determine at which cycles ntcA DNA was apparent, yet still in the exponential phase of amplification. The amounts of ntcA DNA from such cycles were used to plot the bar graph (Fig. 8C) of the relative amount of ntcA DNA determined from two independent nested RT-PCR procedures for each of the two separate field samplings taken at the same site 30 min apart. Figures 8A and  B show that an ntcA fragment from the MSX-treated subsample was already visible after 11 cycles of PCR2 and that the amount of ntcA DNA increased exponentially for a further 6 cycles. An ntcA fragment from the ammonium-treated subsample was apparent from cycle 15 and increased exponentially through to cycle 25. The untreated subsample produced a similar amount of ntcA DNA to that from the ammoniumtreated subsample after the same number of cycles. Therefore, the results from cycles 15 and 17 in this field sample were used to plot Fig. 8C along with the results in analogous cycles of the replicate analysis and in the second field sample. Figure 8C shows that ntcA transcript levels in the untreated subsample were not significantly different from those in the ammoniumadded subsample, but were eightfold lower than those in the MSX-added subsample. These data indicate that ntcA in the untreated subsamples was basally expressed and infer that the Synechococcus populations close to the fish farm were utilizing ammonium.
DISCUSSION
Nitrogen metabolism and ntcA expression. Synechococcus sp. strain WH7803 grew only on inorganic nitrogen sources despite evidence for its capacity to assimilate organic compounds such as leucine, methionine, uracil, and adenine into proteins and nucleic acids (30, 8, 48 ; personal observations). In addition, cells supplied with leucine as the sole nitrogen source retained their pigmentation for several days (personal observations). Therefore, organic nitrogen sources may play a role in cell maintenance and survival during periods of severe inorganic nitrogen limitation in this cyanobacterium. Even though the growth rate of Synechococcus sp. strain WH7803 did not differ when it was grown on the various inorganic nitrogen sources, ntcA transcript levels were substantially different. Cells grown on ammonium expressed ntcA at basal levels (i.e., expressed only the constitutive transcript), whereas ntcA expression was greater in nitrate-grown than in nitritegrown cells (Fig. 5C) . Furthermore, ntcA expression was greatest in cells deprived of a nitrogen source (34) (Fig. 5C ). While we have no experimental information to help explain these findings, one feasible explanation may be that ntcA transcrip- tion is controlled by feedback inhibition that depends on the rate of supply of nitrogen, if nitrogen derived from nitrite is incorporated more rapidly than that derived from nitrate. Nitrite assimilation may occur faster than nitrate assimilation because only one reduction step is required and there may be more than one nitrite transport system (13) . Furthermore, nitrite assimilation is energetically cheaper than nitrate assimilation (23) .
The ammonium-promoted repression of nitrate and nitrite uptake as well as nirA transcription requires the assimilation of ammonium into carbon skeletons via the GS/GOGAT pathway (13, 52) . Our findings show that the negative effect of ammonium on ntcA expression also requires its prior assimilation via the activities of GS and GOGAT (Fig. 3) . The direct effector molecule acting downstream of ammonium assimilation has remained elusive. It is feasible that the ammonium-promoted down-regulation of transcription acts separately on ntcA and the nirA operon. Alternatively, the effector molecule may directly affect ntcA transcription, whereas the effect on ntcAregulated genes like nirA may be due to the absence of NtcA.
The prerequisite of ammonium assimilation for the decline in ntcA transcript levels could explain the observed delay in the response of nitrogen-deprived cells following ammonium addition. Ammonium uptake or assimilation may take time to commence following nitrogen deprivation. It is also possible that internal ammonium supplies or the direct effector molecule leading to ammonium-promoted down-regulation takes time to accumulate subsequent to starvation.
The inhibition of GS activity by the addition of MSX led to enhanced ntcA expression (Fig. 3B) . This mimics the response for nitrogen deprivation despite the presence of suitable nitrogen sources, as shown by halted growth after the addition of MSX (36) . This suggests that the major, if not the sole, pathway for the assimilation of ammonium is via the activity of GS in Synechococcus sp. strain WH7803. The addition of MSX to Anacystis nidulans growing on nitrate or ammonium also invokes a nitrogen starvation response. In these cells MSX served to stimulate nitrate and nitrite uptake and reduction rates (11, 12, 27, 28) . Furthermore the addition of MSX to Synechococcus sp. strain PCC 7942 led to enhanced expression of the nirA operon (52) .
The induction of ntcA gene expression in Synechococcus sp. strain WH7803 occurred when NH 4 ϩ dropped below ca. 1 M. In the same organism Scanlan et al. (49) found that the expression of a phosphate-binding protein (PstS) was induced when PO 4 Ϫ dropped below ca. 50 nM. The 20-fold-higher concentration required for induction of expression of ntcA relative to pstS is interesting when one considers that the cellular requirement of nitrogen and phosphorus for unlimited growth is generally considered to be at a ratio of 16:1 (46) . It therefore appears that the adaptive responses to low concentrations of nitrogen and phosphorus are induced at a similar level relative to the biochemical requirements of the cells. However, it should be noted that Cuhel and Waterbury (8) reported much higher cellular phosphorus levels for this organism than expected from the Redfield ratio.
ntcA expression as an indicator of the nitrogen status of Synechococcus spp. For ntcA expression to be a suitable indicator of the nitrogen status of field populations of unicellular cyanobacteria, a number of requirements must be met. Previous reports have shown that the ntcA gene is present in a single copy in a wide range of cyanobacteria (14, 34) . In a separate study we have shown that in the absence of ammonium, ntcA expression was enhanced over a range of photon fluxes as well as over the entire diel cycle, but that maximal differences between the constitutive and regulated ntcA transcripts occurred in the morning hours (D. Lindell and A. Post, unpublished data). Therefore, for highest resolution, field sampling should be carried out in the morning. In addition, ntcA expression was similarly enhanced in cells grown at 18 and 25°C (Lindell and Post, unpublished) , which is within the range of temperatures usually found in tropical and subtropical waters. Here we have shown that ntcA expression responded specifically to nitrogen availability and that ntcA gene expression responded rapidly to ammonium addition and nitrogen deprivation.
In the discussion below, we assume that ntcA expression and NtcA-regulated nitrogen acquisition in field populations of marine Synechococcus are similar to those for the model organism Synechococcus sp. strain WH7803. This is a fair assumption considering that these functions are very similar in the evolutionarily more distant marine and freshwater model Synechococcus strains, WH7803 and PCC 7942 (compare references 37 and 55 to reference 34 and Moyal et al., submitted). Moreover, the nucleotide sequences of the ntcA gene are more similar among marine Synechococcus strains than between Synechococcus sp. strains WH7803 and PCC 7942 (36) . We further assume that urea utilization is indeed regulated by NtcA (7) .
The rapid response of ntcA expression to both ammonium and MSX enables us to compare actual ntcA transcript levels to basal and maximal levels. Basal levels of ntcA expression can be used to infer ammonium sufficiency. The use of inhibitors of the assimilation of ammonium showed that ntcA transcript levels declined only after ammonium was incorporated into cellular organic matter. Thus, basal ntcA expression is indicative not only of the presence of ammonium but of its utilization by the cell. Furthermore, when Synechococcus sp. strain WH7803 displays basal ntcA expression, it is incapable of utilizing nitrate or nitrite (34, 35 ; Moyal et al., submitted). Therefore, basal ntcA expression is indicative of exclusive ammonium utilization. In contrast to basal expression, maximal ntcA expression is indicative of the absence of a nitrogen source capable of supporting growth. Intermediate transcript levels will demonstrate that while ammonium supplies are inadequate to prevent enhanced ntcA expression, a nitrogen source is being obtained. However, the identity of these nitrogen sources cannot be unequivocally ascertained using the present protocol. The discovery of genes or proteins that are specifically induced when alternative nitrogen sources are available (e.g., urea, nitrate, or nitrite) would enable their use in conjuction with ntcA expression analysis to further determine nitrogen source utilization by Synechococcus.
We have exploited the fact that maximal ntcA expression can be chemically induced by the addition of MSX and that expression is reduced to basal levels after the addition of ammonium to develop a protocol capable of differentiating between basal, maximal, and intermediate levels of ntcA expression. It should be noted that this assay relies on the ability of cyanobacteria to transport MSX into the cell, and it will not be informative for those cells incapable of such transport. The coupling VOL. 67, 2001 ntcA RESPONSE TO NUTRIENTS 3347 of this protocol to nested RT-PCR expression analysis has enabled us to determine the nitrogen status of Synechococcus field populations. RT-PCR rather than RPAs was used for determining ntcA expression levels in field populations for two major reasons. First, the low abundance of Synechococcus in the sea (relative to yields achieved in laboratory cultures) requires the more-sensitive RT-PCR method for the detection of ntcA mRNA. Second, the use of ntcA primers with differing taxonomic specificity in RT-PCR enables the assessment of the nitrogen status of cyanobacteria at various taxonomic levels. Such flexibility can not be afforded by RPAs, which are sensitive to even minor mismatches between probe and template sequences. Furthermore, this RT-PCR assay could easily be adapted for use in a quantitative PCR machine. At the northern tip of the Gulf of Aqaba, at a site with measurable levels of nitrate, nitrite, and ammonium (yet below 1 M in all cases), Synechococcus populations were expressing ntcA basally (Fig. 8) . Therefore these Synechococcus populations were not nitrogen deprived. Moreover, from these results we can infer that they were exclusively utilizing regenerated nitrogen in the form of ammonium despite relatively high concentrations of both nitrate and nitrite. The nitrogen concentrations at this site are similar to those found in coastal and estuarine waters (32, 51) as well as in association with microand macroaggregates and Trichodesmium blooms in oligotrophic seas (17, 19) . It is therefore likely that ntcA would be basally expressed by Synechococcus populations inhabiting such environments. Thus ammonium would be the major, if not the sole, nitrogen source utilized by Synechococcus under such conditions. Inherent to this situation is the fact that the action of the transcriptional activator, NtcA, would not be required for the cell's nitrogen demands to be met in these waters.
At this stage we do not know whether ntcA expression is induced, and the action of NtcA required, for nitrogen acquisition by Synechococcus spp. in the vast regions of the open ocean where ammonium is found at nanomolar concentrations. Reports of nitrogen preference in the field have shown that at ambient ammonium concentrations of 1 M or higher, planktonic assemblages preferentially utilized ammonium irrespective of the concentrations of other nitrogen sources, whereas at ammonium concentrations below 0.5 to 1 M, nitrogen sources were used according to availability (16, 38) . Other reports, however, show a clear preference for ammonium even in oligotrophic waters, where ammonium concentrations are well below 1 M (26, 40). In these waters, ammonium is rapidly regenerated by bacteria and zooplankton such that ammonium utilization is often balanced by its regeneration (2, 17, 25) . Therefore, the flux of ammonium rather than ambient concentrations is likely to be a better indication of ammonium availability. Whether ntcA gene expression responds to ambient ammonium concentrations or to the flux of ammonium is unclear at this stage. Regardless of this current uncertainty, by allowing Synechococcus to report on its own nitrogen status through ntcA expression levels, we will be able to assess whether field populations of marine Synechococcus in waters with differing nitrogen regimes are deprived of nitrogen, are utilizing a suitable nitrogen source, or are thriving solely on ammonium.
